Creative Commons Attribution-Noncommercial-Share Alike Detailed Terms http://creativecommons.org/licenses/by-nc-sa/4.0/ The MIT Faculty has made this article openly available. Please share how this access benefits you. Your story matters.
1

This is the author's version of the work. It is posted here by permission of the AAAS for personal use, not for redistribution. The definitive version was published in Science
Vol. 336 no. 6086, 1294-1298 (2012), doi:10.1126/science.1218437 Main Text: Templated self-assembly of BCP thin films has been used for complex nanoscale pattern formation on two-dimensional (2D) surfaces by using sparse patterns of lithographically defined chemical (1) (2) (3) (4) and physical templates (5) (6) (7) (8) (9) (10) . These approaches have focused on guiding a single layer of BCP microdomains which is then used as a mask to fabricate devices including patterned magnetic recording media, nanowire transistors, flash memory and gas sensors, in combination with conventional planar processing techniques such as liftoff and etching (11) (12) (13) (14) (15) (16) . However, the inherent 3D nature of self-assembled BCPs suggest their possible use in fabricating 3D devices such as cross-point structures in a single step instead of building up the structure sequentially. There have been reports of the fabrication of 3D structures by self-assembly of thicker BCP films or by sequential stacking and crosslinking of BCP films (17) (18) (19) (20) (21) (22) (23) (24) (25) , but stacking methods have disadvantages for the fabrication of 3D structures due to the difficulty of aligning multiple layers, the large number of processing steps required and the poor order of the resulting patterns. In the absence of templating, the achievable geometries of bilayer BCPs are limited, for example in a bilayer cylindricalmorphology BCP thin film, the cylinders in each layer share the same orientation, while for a spherical-morphology BCP the spheres form two offset close-packed layers (26) . Chemical templating of bilayers of spherical microdomains (17) (18) (19) and lamellae (20) has been demonstrated to form square symmetry patterns and coupled perforated lamellae respectively.
A wider range of 3D BCP structures can be achieved by confinement of the BCP within parallel surfaces, narrow pores or spherical cavities, which produce structures such as helices, cylindrical shells, and stacked disks or tori not found in bulk (24, 25, 27) . However, these processes do not enable the formation of interconnected structures in which the microdomains can be routed or connected arbitrarily over a large area.
Here we show by experiment and self-consistent field theory that simple periodic arrays of posts can give 3D control over the orientation of each layer of cylinders in a bilayer BCP film, enabling the orientation of each of the two layers of cylinders to be controlled independently, simultaneously, and locally. This was accomplished by designing the posts to be attractive to the majority block and repulsive to the minority block cylindrical microdomains by functionalizing them with a majority-block homopolymer brush. The resulting self-assembled structures are understood by considering the commensurability between the post period and the equilibrium BCP period, as well as the energy costs associated with in-phase stacking of alternate layers of cylindrical microdomains. Connections between cylinders in different layers can form a cross-point-like architecture, and by locally controlling the post periodicity and arrangement, one can design in specific defects, bends, and junctions in both top and bottom layers independently. Moreover, non-cylindrical structures such as perforated lamellae, as well as periodic superstructures with double the period of the template can be created. These results provide a strategy for making 3D structures useful in applications (e.g. cross-point memory devices) requiring the precise placement of nanowires in three dimensions. As an additional advantage, this process can produce rectangular or squaresymmetric structures, which are useful in applications such as in fabricating integrated circuit interconnects or bit-patterned media (28) . Figure 1A shows a diagram of the major steps of the 3D templating process. In the first step, hydrogen silsequioxane (HSQ) was spin-coated at 402 nm thickness on Si (100) substrates. The post array templates were fabricated by means of electron-beam lithography (EBL) of the HSQ resist at 30 kV acceleration voltage, 300 pA beam current and 40 fC to 116 fC dot doses. After development and HSQ hardening by use of an oxygen plasma asher, the final post height was 332 nm. Next, the substrate and posts were chemically functionalized with hydroxyl-terminated-polystyrene (1 kg mol -1 , 2 nm thick), which corresponds to the majority-block of the BCP. A cylindrical-morphology poly(styrene-b-dimethylsiloxane) (PS-b-PDMS) BCP (45.5 kg mol -1 , f PDMS = 32%) was spin-coated onto the substrates with the post templates to a thickness of 421 nm. Solvent vapor annealing of the BCP thin film was done using a 5:1 volume ratio mixture of toluene and heptane which resulted in swelling the BCP film to 1013 nm (~3L 0 ) and resulted in the formation of a bilayer of in-plane PDMS cylinders in a PS matrix with in-plane periodicity (L 0 ) of around 36 nm. Following the solvent vapor anneal, a rapid quench is done within 1 s, which was believed to freeze in the annealed morphology as the solvent vapor leaves the film (29) . Lastly, an oxygen-reactive-ion etch (RIE) was used to remove the PS block, further reducing the film thickness and revealing the oxidized-PDMS (ox-PDMS) patterns (30) . Figure 2 shows examples including parallel top and bottom PDMS cylinders ( Fig. 2A-B In Fig. 2C -F, the cylinders in the two layers oriented in two different directions and made a mesh-shaped structure. Mesh-shaped structures occurred when the post period in the yor diagonal direction was equal to the BCP period, favoring alignment of one layer of cylinders perpendicular to the yor diagonal direction, but the period in the x-direction was slightly less than an integer-multiple of the BCP period. In this case the parallel alignment seen in Fig.   2A ,B is less favorable than a mesh structure. Depending on the commensurability of the post lattice, the angle of the mesh was 90˚ (Fig. 2C ,E) or more ( Fig. 2D,F) . when P x and P y are within ± 9% of an integer multiple of L 0 . Curved colored bands represent commensurate conditions for the diagonal spacing, e.g. (P x 2 + P y 2 ) 0.5 . A value of 9% was chosen because BCP films have been found to adjust their period in response to a template by up to approximately this amount (31, 32) .
Examination of Fig. 2L shows that the observed morphologies correspond well with the commensurate template conditions. For example, blue circles, representing cylinders oriented along the y-direction, appear within the vertical colored band; red circles within the horizontal colored band, and red and blue triangles (representing diagonally-oriented cylinders) within the curved band. Green circles and triangles correspond to the perpendicular and angled mesh- SCFT simulations were carried out to investigate both the 3D structure of the features as well as the metastability of the structures observed (see supplementary online text). The thickness of the unit cell was set to the swelled BCP thickness observed during the solvent annealing, which was ~3.00 L 0 , and the post diameter and height were 0.71 L 0 and 1.64 L 0 , respectively (see supplementary online text). The simulation showed the same general trends as the experiments. Parallel cylinders were predicted by the SCFT simulation for x-direction post periods equal to integer multiples of L 0 (Fig. 2M ). Perpendicular mesh-shaped structures were predicted for x-direction periods less than an integer multiple of L 0 (2L 0 , 3L 0 ) and ydirection periods equal to L 0 , as was seen in the experiments (Fig. 2N,O) . Different morphologies in the two layers were predicted by SCFT such as cylinders over spheres ( Fig.   2P ) and cylinders over bicontinuous cylinders (Fig. 2Q ). However, simulations of two unit cells did not predict the observed superstructures. To explain these structures, factors not included in the SCFT such as bending of the posts or non-equilibrium formation during the solvent vapor annealing may be important. Recently, crossed cylinders were also predicted in a BCP confined between parallel surfaces with highly incommensurate spacing (27) .
In the simulations, the cylinders in the two layers were often connected, as shown in Fig. 2N -P. These connections between the two layers may be metastable defects. However, there is also experimental evidence in the mesh shaped-structures for these connections (fig.   S9 ). By seeding the simulation with a field configuration that represented a mesh shapedstructure without a connection, we found that the energies of the connected vs. unconnected systems were too close to distinguish a lower energy state (see supplementary online text).
Thus, local connections between cylinders are likely to be present in the system and should be considered in post-processing applications for these patterns.
We have so far shown that control of the alignment and the morphology of the PDMS microdomains in two different layers. We were also able to locally control the post periodicity and arrangement to form more complicated patterns with specific defects, bends and 
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